Imaging interferometric nanoscopy (IIN) is a synthetic aperture approach offering the potential of optical resolution to the linear-system limit of optics (∼λ∕4n). The immersion advantages of IIN can be realized if the object is in close proximity to a solid-immersion medium with illumination and collection through the substrate and coupling this radiation to air by a grating on the medium surface opposite the object. The spatial resolution as a function of the medium thickness and refractive index as well as the field-of-view of the objective optical system is derived and applied to simulations.
INTRODUCTION
Microscopy is among the most important scientific and technological uses of optics. The diffraction limits to optical resolution were established over a century ago; the maximum spatial frequency allowed by an optical system is 2NA∕λ [1] , giving a resolution [half-pitch (HP)] limit of λ∕4NA, where λ is the optical wavelength and NA is the numerical aperture of the optical system. The quest for optical superresolution has long been a topic of great scientific and practical interest . For the case of fluorescence imaging, numerous nonlinear techniques have been introduced that have demonstrated resolution to ∼10 nm, well below the diffraction limit [37] . Hyperlenses, based on nonplanar, layered material structures have demonstrated resolution to ∼λ∕3, albeit with a subwavelength field of view (FOV) [38, 39] . Among the techniques for structural (sensitive to refractive index variations) microscopy, imaging interferometric nanoscopy (IIN) is an attractive alternative that takes advantage of synthetic apertures, using multiple illumination and collection directions, to obtain a series of subimages, which are then numerically reconstructed into a full image [40] [41] [42] [43] . A significant advantage of IIN is that the FOV, working distance, and depth of field of the original imaging system are retained. Resolution has been demonstrated to the linear-system limits in air [40] [41] [42] , λ∕4, independent of the lens NA.
Immersion techniques to further extend resolution are well known. Traditional oil-immersion microscopy uses lenses of NA ∼ 1.3 − 1.4, and it has recently been extended with off-axis illumination techniques [44] . Solid-immersion microscopy can achieve even higher resolutions, with NA ∼ 3.5 for application to circuits on a silicon substrate [45] . Similarly, IIN can be extended by solid-immersion techniques, whereby a slab of material with a high index of refraction is used as a solidimmersion medium. A major advantage for many applications is that IIN can use very thin immersion slabs (down to fractions of a wavelength), which makes the use of highly absorbing materials feasible. In such cases, the wavelength can be chosen shorter than the bandgap of the immersion material to take advantage of the increasing refractive index within an absorption band; both the shorter wavelength and the larger index extend the resolution well beyond that available with any other known linear system microscopy strategy, even within the same λ∕4n linear-system frequency-space limit, where n is the immersion material refractive index.
There are several ways to adapt IIN for solid immersion. A high-index slab can be placed very close to the object (within range of the evanescent fields). The slab can be a multilayer structure or a confined liquid. For the present treatment, we consider a substrate, transparent at the IIN wavelength, as the immersion slab. Recently, we demonstrated a resolution <λ∕5 for IIN of high contrast, chrome-on-glass objects on a glass substrate by illumination through the evanescent fields of the substrate and conventional collection in air (including off-axis contributions) [46] . For compactness, this configuration is referred to below as half-immersion (e.g., the illumination takes advantage of the higher wave vectors in the substrate, but the collection is limited to scattered wave vectors that propagate in air). For this configuration, the limiting optical resolution, in the Abbe sense of the smallest available HP in the optical response, is λ∕2n 1.
Clearly, the resolution can be further extended by collection of the reflected backscattered light that propagates in the substrate beyond the angle for total internal reflection. This scattering corresponds to larger wavenumbers and therefore to information on smaller details of the sample. We introduce a grating on the back side of the substrate to extract this scattered information, making it accessible to the optical collection system. There are spatial-frequency-dependent distortions associated with the spreading of the information as it propagates across the substrate and extends spatially beyond the FOV of the collection system and phase aberrations associated this extended propagation, which require an algorithm for transforming the image from the laboratory frame to the image frame for combination with other subimages. The linear-system limit is a resolution of λ∕4n; resolution very close to this limit can be achieved in many cases, however, with interrelated requirements on the FOV, the NA, and the thickness and refractive index of the substrate. The aims of this work are as follows: to quantify the relationship between these parameters and the number of required subimages and to elucidate the transformation procedure for subimages for deep subwavelength cases with full immersion, including single and multiple backside subimages. We make a distinction between techniques that use a grating in the plane of the object [9] (often to extract near-field information [35] ) and our technique, which uses a grating displaced from the object by the thickness of the substrate to extract propagating waves in the substrate beyond the angle for total internal reflection and make them available for collection in free space.
The original (nonimmersion) IIN optical arrangement is shown schematically in Fig. 1 . The result is the capture of a subimage consisting of a separate region of frequency space in each subimage. In air, the maximum angle of illumination can approach 90°, but it is of course smaller in the substrate as a result of refraction at the air-substrate interface. By coupling into internal modes of the substrate, grazing incidence in the substrate can be achieved, increasing the resolution [46] . IIN relies on recording and combining subimages to produce a final image that covers all of the essential, object dependent, parts of frequency space.
Using only a modest NA 0.4 lens at λ 633 nm and an object supported on a substrate with refractive index n, we have demonstrated a half-immersion imaging resolution with evanescent wave illumination to a maximum spatial frequency of n NA∕λ with the objective normal to the substrate (e.g., untilted objective; 170 nm features on a glass substrate with n 1.5) and up to n 1∕λ with a tilted objective (150 nm features of arbitrary structures, while the theoretical limit of grating HP resolution is 126 nm) [46] . We note in passing that tilting the objective lens, and correcting for the nonparaxial distortions this introduces, is a cumbersome operation. We will look for approaches to make it easier to collect the spatial frequency information between n NA∕λ and n 1∕λ as well as extending the spatial frequency coverage towards 2n∕λ by adding a grating coupler on the side of the substrate opposite the object. Phase and intensity matching of the subimages is achieved electronically using a reference object containing spatial frequencies within each recorded subimage.
The illumination and collection configurations for halfimmersion and full-immersion are shown in Fig. 2a) . The illumination laser beam is coupled into the substrate (using a prism, a grating, or end fire coupling), and the object is illuminated by an evanescent wave. Image frequencies up to n NA∕λ can be captured with an objective normal to the substrate surface [ Fig. 2a) , objective A], and frequencies up to n 1∕λ with tilt of the objective off of the optic axis [ Fig. 2a), objective B]. The evanescent waves from the higher frequency content of the object are coupled back into the substrate by the boundary conditions at the substrate interface, and for spatial frequencies between n 1∕λ and 2n∕λ propagate in the substrate at angles beyond the angle for total internal reflection. For a flat interface, the information at these spatial frequencies is not accessible, but the scattered light can be decoupled by a grating on the side of the substrate opposite to the object and redirected to an objective on the grating side, opposite the sample [ Fig. 2a) , objective C]. This optical system (the required coherent reference beam is not shown) leads to frequency aliasing as a result of the grating diffraction. While this can be corrected with the reference beam, it is usually preferable to offset the subimage spatial frequencies to lower intermediate frequencies to reduce the pixel size and density requirement at the collection system focal plane and restore the actual frequencies computationally before combining subimages. In addition, there are phase errors (aberrations) associated with the collection system which includes partial propagation both in the high-index substrate and in air. The treatment of these spatial frequency and phase corrections is discussed below.
The corresponding frequency-space coverages are shown in Fig. 2b ). Normal incidence illumination and collection from the sample side is the traditional coherent illumination configuration represented by the small red circle with frequencyspace coverage to NA∕λ. Illumination at an angle of 2NA∕λ provides the offset orange circles with frequency-space coverage to 3NA∕λ. For a Manhattan geometry object, two subimages providing coverage in the x, y directions is typically used, additional subimages, indicated by the lighter orange circles (at 45°to the principal x, y axes) can be added for additional off-grid frequency-space coverage. The illumination and sample-side collection scheme of Fig. 2a ) allow increasing the spatial frequency coverage to n NA∕λ (green circles). Collection with a tilted objective allows frequency-space coverage to n 1∕λ. Finally, the substrate-side collection discussed in this contribution extends the frequency-space coverage to the linear-system limit of 2n∕λ with a corresponding Abbe HP of λ∕4n.
IIN requires reintroducing a coherent zero-order reference at the image plane (e.g., constructing an interferometer around the objective lens) to record the amplitude and phase of the spectral frequencies in the subimages. As has been discussed in previous papers [41, 43] , the intensity, angle and phase of the reference beam have to be chosen to match all subimages to the on-axis image. For this purpose we use a reference object covering a small part of the FOV in order to determine the correct intensity ratio, frequency shift, and phase. These offset frequencies are then corrected in the image processing before the subimages are combined. One more preamble is necessary before tackling the image reconstruction. The description that follows has elements of ray tracing (looking at the propagation of scattered rays corresponding to specific spatial frequencies) and of Fourier optics (based on "infinite" plane wave propagation). The solution to this duality is to consider "wave packets" with center spatial frequencies that correspond to the direction of propagation and with a spatial extent that corresponds to the FOV, which is assumed to be much larger than the individual scattering objects within the field, but much smaller than the diameter of the lens. This of course corresponds to a broadening in the pupil plane and Fourier planes from the delta functions associated with plane waves to diffraction patterns corresponding to the finite FOV.
FULL-IMMERSION FREQUENCY-SPACE COVERAGE
The goal of this investigation is to explore the collection of additional scattered information at spatial frequencies beyond n NA∕λ by collection from the back side of the substrate using one or more gratings to redirect this information into an objective lens. The model presented here is based on a Fourier decomposition of the scattered (reflected) image along with geometrical analysis of the diffraction path for each component. It is clear from the geometry of Fig. 3 that the spatial frequency coverage of each subimage depends on the thickness and refractive index of the substrate as well as on the FOV and NA of the objective lens. For thicker substrates, the relevant information is spread across a wider area requiring a larger FOV. This may require multiple spatially displaced subimages to extract all of the information (a synthetic FOV). If the available information extends beyond the 2NA∕λ bandwidth of the collection optics, multiple gratings are required (a synthetic aperture). The minimum collected spatial frequency (angle α 1 in Fig. 3 ) sets the period d of the extraction grating:
If this frequency equals the maximum available from halfimmersion without a tilted objective, n NA∕λ, then
This takes a scattered wave in the substrate corresponding to
into a wave propagating in air at an angle −sin −1 NA. Here, k 0 ≡ 2π∕λ. Note that provided NA > 0.33, higher diffraction orders from the grating are outside the NA of the collection optics and do not interfere with the image; we consider an NA 0.4 in the modeling. Over the range of spatial frequencies collected in each subimage, the diffraction efficiencies are roughly constant, thus allowing intensity compensation by subimage matching procedures [41] [42] [43] . This arrangement is free of the complications connected with multiple diffraction orders from gratings in comparison to the methods proposed by Lukosz [9] and Sentenac et al. [35] . In our case, the gratings provide extraction of information out of the immersion media but not diffraction of near-field high-spatial frequency components directly from the object. There can be variations in diffraction efficiency as the various higher order beams, in both the substrate and in air, switch from evanescent to propagating waves. These are easily dealt with empirically by adjusting the amplitudes of the relevant portions of each subimage independently, either by physically restricting the collection NA appropriately, or by separately addressing the regions of the subimage electronically.
Progressively higher spatial frequency components impinge on the grating at larger horizontal displacements from the object and are diffracted into increasing angles, until the scattered beam at a displacement of b F from the object centerline is diffracted at to an angle of θ in air. The distance A-objective normal to the substrate surface, image frequencies up to n NA∕λ can be captured; B-objective with tilt away from the optic axis, frequencies up to n 1∕λ; C-objective on the side of the substrate with grating, frequencies between n 1∕λ and 2n∕λ. b) spatial frequency-space coverage with regions collected with various geometries indicated. F corresponds to the FOV of the objective lens, which we take as focused on the grating surface, or to the width of the grating if it is smaller than the FOV. Provided θ ≤ sin −1 NA, the entire spread of scattered light incident on the grating is collected by the objective lens. From the geometry of Fig. 3 , several important relationships are readily derived:
and the corresponding minimum HP is
. (6) The upper expression is valid when the full NA of the objective lens is filled by the diffracted beams from the grating; e.g., the grating width F, and the optical FOV and NA are such that θ ≥ sin −1 NA. If the angular spread is restricted by the FOV, or equivalently by the width of the grating, the lower expression pertains. An additional constraint is that 3NA < n, because only spatial frequencies that can propagate in the substrate can be collected. The limiting behavior of HP min is readily evaluated from this expression. For small NA where the full angular width of the lens is filled, the upper expression applies. For all cases of interest, NA∕n ≪ 1; that is, the lens NA is much less than the refractive index of the immersion medium. For large fields of view or thin substrates, F∕t ≫ NA∕n, HP min → λ∕n4 − t∕F 2 . Thus, HP min is always larger than the optics linear-system limit. The upper limit in Eq. (6) takes over before this result; thus, the NA of the lens is filled in just a single subimage. Additional gratings at smaller pitches of λ∕2i 1NA [i 1; 2; 3; …] allow access to higher spatial frequency components of the image up to the linear-system limit of λ∕4n. In the opposite limit, NA∕n ≪ 1 and F∕t ≪ NA∕n, HP min → λ∕2n NA nF t . The resolution is always somewhat improved over the starting point of halfimmersion with the collection system optical axis normal to the object plane. In this case, the linear-system limit of λ∕4n can be approached with a synthetic FOV, e.g., multiple subimages with the collection optical system displaced to collect the higher spatial frequencies that are lost by the limited FOV with the same grating (synthetic FOV), and again, with multiple gratings (synthetic aperture), it is possible to extend the resolution close to the λ∕4n limit, as long as signal-to-noise ratio (S/N) is sufficient to enable subimage reconstruction into a full image.
Resolution (HP) restrictions as a function of substrate refractive index for NA 0.4, 0.8, 1.2, fixed FOV (F 32 μm) and substrate thickness (t 50 μm) obtained from Eq. (6) are shown in Fig. 4 . There is a point of transition on each curve (solid to dotted). The solid lines correspond to the upper expression of Eq. (6); the dotted lines to the lower form. In the dotted region, additional subimages are required to synthesize a larger FOV. Once the lens NA is filled, an additional grating is required to extract higher spatial frequency information and alias it into the lens NA, e.g., to synthesize a larger NA.
The combination of restrictions induced by substrate properties and synthetic aperture (multiple of NA 0.4) for a fixed FOV (F 32 μm) with varying substrate thickness are shown in Fig. 5 . The curves correspond to substrate thicknesses of 10, 30, 100, and 300 μm with break points denoted by the transitions from dashed to dotted lines by curves of synthetic NA restrictions. Here, λ∕2n 3NA corresponds to upper part of Eq. (6). The restrictions λ∕2n 5NA and λ∕2n 7NA appear by synthetic aperture extension with one and two additional aperture intervals along each spatial direction using adapted gratings for each interval, as described above. We can infer from Figs. 4 and 5 that, for a single subimage, a small-NA optical system can give useful resolution extensions only for materials with a low index of refraction. In order to reach high resolution using materials with high n, we need either additional subimages using multiple gratings or an objective with higher NA. A larger FOV objective enhances the resolution but typically is associated with lower NA, which again requires additional subimages. A compromise between FOV and NA has to be found for the chosen substrate thickness and index of refraction to minimize the total number of subimages. These models do not include the impact of a finite S/N. As the signal becomes more dispersed with thicker substrates, the S/N decreases and stochastic (noise) contributions to the image become more significant, limiting the ability to accurately combine the subimages and construct a composite image.
FULL-IMMERSION IMAGE RECONSTRUCTION
An initial experiment, the only experimental result presented, was conducted using a 1 mm thick glass substrate optically coupled to a second 1 mm thick microscope slide with a metal decoupling grating of period 560 nm. Thus the total thickness (object to grating) is 2 mm. The results showed the possibility of resolution of periodic structures at scales beyond the previously demonstrated half-immersion limit. The image consists of a repeated pattern of several parallel lines with a spacing of 240 nm within a trapezoidal envelope. The pattern is repeated at a spacing of 3.6 μm in both directions. A SEM image is shown in Fig. 6a) . The x-direction high-frequency image was recorded and is shown in Fig. 6b) . The high-frequency image contains much of the information about the original pattern: the repeated pattern is evident as is the clustering of lines in each repeat unit. However, the image is distorted due to the geometry of propagation in the substrate [ Fig. 2b) ] and requires a restoration procedure before the proper image can be recovered. Clearly there are fewer clusters at the same transverse scale (3 versus 4) in the distorted image, the relative spacing between the line clusters is changed and there are additional lines in the clusters, though the line pitch remains the same.
This distortion of the image is a result of the propagation in the substrate and depends on the optical path in the substrate, e.g., on the substrate refractive index and thickness. The optical configuration was shown in Fig. 2 , with the collection lens focused onto the grating surface. Because a diffractionlimited, aberration-free optical system has no phase error between conjugate planes, e.g., the grating surface and the camera focal plane, the only phase variations we need to consider are for propagation in the substrate (Fig. 3) . For analytical simplicity, we consider a one-dimensional case; the calculations are readily extended to two-dimensional objects. Let L and L 0 be optical paths of an arbitrary and of the central ray in the substrate, α and α 0 are the angles of the corresponding rays to the substrate normal. θ is the angle of the arbitrary ray to the optical axis after diffraction from the grating and exiting the substrate (the ray must be captured by the objective in air and for convenience is shown as a marginal ray).
The angle α 0 of the ray in the substrate which is redirected along the optical axis in air is
The marginal ray inclined at the angle α 2 to the normal in the substrate and an angle θ in air after scattering by the grating is described by sin
Then the path lengths in the substrate are
and the phase difference between the arbitrary ray and the central ray is
The rays in Fig. 3 are k-vectors of the plane waves propagating at angles θ corresponding to the image spatial frequencies f x . So, the phases at each spatial frequency can be corrected in Fourier space using the distortion phase function provided by the 2D generalization of Eq. (11) . Clearly that distortion phase function [Eq. (11)] provides only a relative phase correction. The constant term (the phase shift introduced by the central ray optical path) will be automatically corrected later by the subimage phase-matching procedure required in IIN, because this constant term is indistinguishable from the arbitrary constant term introduced by the phase of the reference arm of the Mach-Zehnder interferometer inherent in IIN.
Simulation of the impact of this phase distortion on the image with nested-L structure and a delimited grating with CD 120 nm (Fig. 7) is shown in Fig. 8 . The high-spatial-frequency (between NA∕λ and 3NA∕λ) filtered image of the model is shown in Fig. 7b ). The image is expanded; e.g., additional features appear on both sides of object due to lack of compensation in these regions as a result of the optical bandwidth limit. This is just the familiar Gibbs effect associated with an abrupt cut-off in frequency space. The high-frequency image after the application of the phase aberrations for a substrate thickness of 1 μm [5 μm] is shown in Fig. 8a) [Fig. 8b)] {crosscut Fig. 8c) [ Fig. 8d )]}. There is additional walk-off of the intensity versus position as a result of the spreading of the image intensity. The reason for this spread is the progressive walk-off of higher spatial frequency components (phase distortions) as they propagate across the substrate. Here, the additional features appear nonsymmetrically to the illumination side. Also, unlike the Gibbs effect, no information is lost. The step from Fig. 7b) to Figs. 8a), 8b) is completely deterministic and is easily inverted by taking the Fourier transform of the laboratory frame image, applying the inverse of Eq. (11) and retransforming back to the image frame providing all information is captured and there are no S/N limitations. The spatial extent of the image spectrum expands with increasing substrate thickness [compare Figs. 8a) and 8b) ]. The intensity spread extension beyond the objective FOV leads to the loss of information which results in reduction of the image quality after restoration. This information can be accessed with a synthetic FOV, e.g., shifting the objective lens to acquire additional subimages with an extended grating at the same pitch.
Without shifting the objective lens, the loss of information is equivalent to the reduction of captured range of frequencies (NA sub < NA) for a single subimage, which is a function of the FOV. To evaluate this degradation of the image bandwidth in a single image, consider again Fig. 3 , but now in a configuration where the grating is chosen so that a particular HP c is along the optical axis; e.g., fix the optical axis (center) frequency rather than the low-frequency marginal ray. The dependence of the angular bandwidth, 2NA sub , versus the FOV is easy to obtain from Fig. 3 . The FOV (F) normalized to the slab thickness is
On the other hand, the marginal angles for a particular NA sub can be written as function of an angle sin α c of the center frequency, corresponding to the chosen HP c : sin α 2 sin α c NA sub ; 
where, for an illumination angle sin β,
Combining Eqs. (12)- (14) gives an implicit relation for the optical system parameters
This dependence, shown in Fig. 9 for several HP c normalized by n and λ g ≡ nHP c
λ , allows us to define the NA sub of each subimage and to estimate the number of subimages which are necessary to cover all of the available spatial frequency space (along a specific direction).
We can see from Fig. 9 that, in order to prevent the loss of information, we need an objective with a larger FOV or additional spatially shifted subimages to build a synthetic FOV. These conclusions are qualitatively the same as those drawn from Figs. 4 and 5.
Examples of images shown in Fig. 8 restored using a FOV of 16 μm are shown with corresponding crosscuts (red) in comparison with the undistorted image (green) and differences between the restored and filtered crosscuts in Fig. 10. Figure 10a) is obtained from Fig. 8a) and Fig. 10b) is obtained from Fig. 8b ). It is clear that the subimage in Fig. 8a ) for a 1 μm thick substrate is extended less than the subimage in Fig. 8b ) for a 5 μm thick substrate, and the quality of the restored image in Fig. 10a ) is higher than that in Fig. 10b) . Extension of recorded FOV to 32 μm for the image in Fig. 8b ) improves the quality of restored image [ Fig. 10c)] , showing the complex interrelationships between the resolution, FOV, NA, substrate thickness, and the refractive index.
For an additional perspective on the ability to restore these images, the restored images with different HP were compared with the filtered high-frequency images using a mean square error (MSE) metric. A simple 10-line grating pattern was chosen for MSE analyses (inside of the red square) and normalized to a gray field (Fig. 11) . The curves of MSE versus HP for a λ 633 nm, n 1.5 substrate thicknesses of 0.5, 1, 3, 5, 10 μm and a restoration FOV of 32 μm are shown. For a comparable MSE procedure, it is important to have the spectral content of the image filtered similarly. Thus, we ensure that the center frequency at the HP always passes through the center of the collection objective, as in the derivation of Eq. (16). These calculations were carried out from the theoretical limit λ∕4n 0.106 μm to the half-immersion limit λ∕n 1 0.126 μm (λ 633 nm, n 1.5). The MSE drops as the image becomes resolvable. As expected, the distortion (expansion of the frequency content across the detection plane) of image features is lower in thinner films, allowing higher resolution with a smaller FOV.
The same models were used for substrates with different refractive indices in order to evaluate possible resolvable HP with MSE 3% for substrate thicknesses of 1, 5, and 10 μm. The results are summarized in Fig. 12 , where the resolvable HP versus refractive index are shown. The lower black dashed curve λ∕4n is the theoretical limit of full-immersion resolution, and the black upper dashed line λ∕2n NA is the halfimmersion limit with an untilted objective.
The modeling of image reconstruction represented in Fig. 12 qualitatively confirms the results obtained by investigation of theoretical resolution limit (Fig. 6) . The image resolution depends on the optical system and substrate properties (NA, FOV, t, and n). The achievable resolution scales inversely with the substrate index of refraction. Substrate thicknesses greater than several times the FOV result in experimental difficulties, both in registration and in lowered signal intensity, which can result in S/N issues.
CONCLUSIONS
The purpose of this paper is to show the advantages and limitations of IIN in a new configuration, where a slab of high-refractive-index material is used as an effective solidimmersion medium to enhance the resolution up to the linearsystem resolution limit of λ∕4n. Phase distortions of high-frequency subimages are inherent in the geometry of beam propagation in the immersion slab, requiring a phase restoration procedure. The resolution in this configuration depends not only on objective NA and FOV, but also on the captured portion of the spectral information, which is also a function of the immersion slab refractive index and thickness. The criteria for evaluation of the ultimate HP limits for different immersion slab parameters and system FOV have been provided. The estimation shows that the minimum thickness of the immersion slab and the maximum FOV of the optical system should be chosen to achieve the highest resolution with the smallest number of subimages.
These analyses also reveal a new regime for IIN. Using very thin substrates (or overlayers) and thereby restricting the propagation distance, higher absorption can be tolerated, allowing the use of shorter wavelengths. Then the resolution is improved by two factors-the shorter wavelength and the higher index of refraction within an absorption band. This approach provides resolutions that are not available to solidimmersion microscopy approaches as a result of the need for a thick (bulk material) high-index solid-immersion lens (SIL). Thin-layer structures, t ∼ λ∕n, present a more complex optical problem than the thick layers considered above, due to the need to include both interfaces in a single calculation with multiple scattering effects. However, in the presence of strong absorption, the multiple scattering effects are reduced and the single surface results are restored. A more detailed analysis is needed to elucidate the ultimate resolution limits as the substrate thickness is reduced relative to the absorption length and the wavelength. Table 1 provides calculated resolutions for several microscopy techniques including annular illumination [47] , SIL microscopy [48] , along with IIN and compares the practical resolution available for different wavelengths with a silicon immersion substrate in the limit where separate single surface calculations are appropriate.
Annular illumination using the ∼2× resolution advantage of off-axis illumination can be combined with immersion techniques (current results are with liquid immersion and an NA 1.3 [44] ). However, this requires alignment between two specialized high-NA, small-FOV objectives, which is a challenging task. Even ignoring the fact that usually there is a trade-off between the FOV and the NA, such objectives cannot use materials with significant losses as a result of the required macroscopic optical thicknesses.
SILs provide a relatively cost-effective solution for increasing NA by a combination of standard objective with section of high index refraction sphere as solid-immersion media. This method has shown good resolution (to 145 nm using a Si SIL at 1.2 μm), but again it can only be used with relatively long wavelengths because the sphere section (which in practice is close to a hemisphere) requires essentially lossless materials. To the contrary, IIN can provide up to few tens of nanometers' resolution with immersion media such as silicon at the visible (red to green) wavelengths while retaining the full FOV, large working distance, depth-of-field, and low cost of low-NA objectives.
Other materials coupled with wavelengths in proximity to a material bandgap in combination with our method can also provide excellent results. Some possible wavelength/material combinations to explore are shown in Table 2 .
Thus, IIN can be very useful for imaging small features using a thin immersion slab with high n where the resolution approaches that of a SEM with a simple inexpensive technique that is applicable in a range of environments including air and water. 
